SAMHD1 (sterile ␣ motif and HD domain-containing protein 1) is a mammalian protein that regulates intracellular dNTP levels through its hydrolysis of dNTPs. SAMHD1 functions as an important retroviral restriction factor through a mechanism relying on its dNTPase activity. We and others have reported that human SAMHD1 interacts with the cell cycle regulatory proteins cyclin A, CDK1, and CDK2, which mediates phosphorylation of SAMHD1 at threonine 592, a post-translational modification that has been implicated in abrogating SAMHD1 restriction function and ability to form stable tetramers. Utilizing co-immunoprecipitation and colocalization approaches, we show that endogenous SAMHD1 is able to interact with the cyclin A-CDK1-CDK2 complex in monocytic THP-1 cells and primary monocyte-derived macrophages. Sequence analysis of SAMHD1 identifies a putative cyclin-binding motif found in many cyclin-CDK complex substrates. Using a mutagenesis-based approach, we demonstrate that the conserved residues in the putative cyclin-binding motif are important for protein expression, protein half-life, and optimal phosphorylation of SAMHD1 at Thr 592 . Furthermore, we observed that SAMHD1 mutants of the cyclin-binding motif mislocalized to a nuclear compartment and had reduced ability to interact with cyclin A-CDK complexes and to form the tetramer. These findings help define the mechanisms by which SAMHD1 is phosphorylated and suggest the contribution of cyclin binding to SAMHD1 expression and stability in dividing cells.
SAMHD1 (sterile ␣ motif and HD domain containing protein 1) is the only mammalian protein characterized as a dNTP triphosphohydrolase (dNTPase) 2 enzyme (1) (2) (3) (4) and has a clear function in the hydrolysis of excessive dNTPs and therefore is important for the regulation of dNTP homeostasis in cells (5) . SAMHD1 is ubiquitously expressed across cell types but is most highly expressed in quiescent cells such as macrophages, dendritic cells, and resting CD4ϩ T cells (2, 3, 6) . Mutations in SAMHD1 have been associated with Aicardi-Goutières syndrome, an autoimmune disorder in which the loss of SAMHD1 function is correlated with triggering aberrant type I interferon responses (7, 8) . SAMHD1 is also thought to have a role in maintenance of genome stability (5, 9) , and its down-regulation is associated with progression of some cancers (reviewed in Ref. 10) .
SAMHD1 has been characterized as a viral restriction factor that blocks the replication of several retroviruses, including HIV-1, and DNA viruses in quiescent cells such as resting T cells, macrophages, and dendritic cells (2, 3, 11, 12) . This mechanism is thought to occur as a result of its dNTPase function and depletion of the intracellular dNTP pool required for reverse transcription or synthesis of viral genomes (1, (12) (13) (14) (15) (16) (17) . Some studies have reported that SAMHD1 binds nucleic acids (18 -20) . SAMHD1 has also been described to function as a ribonuclease (21) , and it has been suggested that degradation of incoming viral genomic RNA is the primary mode of restriction against HIV-1 and other retroviruses (21, 22) . However, this finding remains controversial, and other studies have failed to identify RNase activity (23) (24) (25) .
It is unclear how SAMHD1 function is regulated in cells, although it is known to be ineffective as a lentiviral restriction factor in dividing cells because of SAMHD1 phosphorylation (26 -29) . The HD domain of SAMHD1 contains the catalytic site of the dNTPase enzyme (1, 30) . Tetramer formation is required for dNTPase activity and HIV-1 restriction (31, 32) , although it has also been reported that oligomerization-deficient SAMHD1 mutants are capable of restricting HIV-1 (33) . Phosphorylation of SAMHD1 at Thr 592 is involved in negative regulation of SAMHD1-mediated HIV-1 restriction; however, there are conflicting data on whether dNTPase function is impaired by Thr 592 phosphorylation (26 -28, 34, 35) .
Knock-out of SAMHD1 in THP-1 cells correlates with changes in cell cycle distribution (36) , suggesting that SAMHD1 expression contributes to cell cycle regulation. SAMHD1 expression has been reported to decrease as cells progress through the S phase (5) . However, another study reported that SAMHD1 expression did not change during the cell cycle and that expression level was not regulated by phosphorylation in THP-1, U937 cell lines, and primary CD4ϩ T cells (37) .
We and others previously identified SAMHD1 interaction with cyclin A2, CDK1, and CDK2 (26, 27, 29) and demonstrated the cyclin A-CDK proteins mediate the phosphorylation of SAMHD1 at Thr 592 (38) , but the amino acid determinants responsible for the interaction of SAMHD1 with cyclin A remain unclear. Several cyclin-CDK substrates possess cyclinbinding or RXL motifs, which allow association of target proteins with cyclin-CDK complexes. Examples can be found in Myt1 (39, 40) , CDC6 (41) , and human papillomavirus E1 protein (42) . Sequence analysis of conserved residues indicates that the RXL motif consists of conserved arginine and leucine residues separated by a single amino acid (43, 44) .
The mechanisms of SAMHD1 regulation in dividing cells or how Thr 592 phosphorylation is modulated remain not fully understood. We aimed to better understand the molecular mechanism of SAMHD1 phosphorylation in dividing cells. In this study, we identified a cyclin-binding motif in SAMHD1 and further analyzed the structural basis underlying the mechanism of the cyclin A2-CDK complex interaction with SAMHD1. Our data on SAMHD1 RXL motif and its interaction with cyclin A suggest effects on SAMHD1 protein expression, phosphorylation, localization, protein stability, and tetramerization of SAMHD1.
Results

Endogenous SAMHD1 Interacts and Co-localizes with Cyclin
A, CDK1, and CDK2 in THP-1 Cells and Primary Macrophages-We have previously shown that overexpressed SAMHD1 interacts with cyclin A1, CDK1, and CDK2 in HEK293T cells (29) . However, the validity of these interactions at physiological expression levels in cells is not known. To determine whether endogenous SAMHD1 interacts with cyclin A, CDK1, and CDK2, we utilized a THP-1 cell line that expresses endogenous SAMHD1 at a level comparable with primary monocyte-derived macrophages (MDM). Using a co-immunoprecipitation (co-IP) approach, we first immunoprecipitated SAMHD1 and confirmed enrichment of SAMHD1 in the IP products ( Fig. 1A ). Next, we probed for interacting proteins using antibodies to cyclin A, CDK1, and CDK2 and found that cyclin A interacted clearly with SAMHD1, whereas CDK1 and CDK2 showed a weaker interaction. A mouse IgG negative control indicated low levels of nonspecific binding ( Fig. 1A) . To further validate these interactions, we performed reverse IP for cyclin A, CDK1, and CDK2 and confirmed a strong interaction between cyclin A and SAMHD1. Consistent with Fig. 1A , CDK1 and CDK2 showed a weak interaction with SAMHD1 ( Fig. 1B) .
To visualize the co-localization of SAMHD1 with cyclin and CDK1/2, we performed immunofluorescence analysis in THP-1 cells and MDM. We observed nuclear localization of SAMHD1, with some cytoplasmic puncta visible in THP-1 cells ( Fig. 1C ) and MDM ( Fig. 1D ). As expected, cyclin A showed predominantly nuclear staining with some diffuse staining in the cytoplasm. Analysis of the SAMHD1 and cyclin A signals confirmed co-localization of the two proteins within the nucleus of THP-1 cells and MDMs (Fig. 1, C and D) . Quantitation of co-localization demonstrated strong co-localization of SAMHD1 with cyclin A in both THP-1 cells and MDMs (Mander's coefficient of 0.88 Ϯ 0.02 and 0.87 Ϯ 0.06, respectively). Similarly, we observed clear co-localization of endogenous SAMHD1 with CDK1/CDK2 within the nucleus of THP-1 cells and MDM (Fig. 1, C and D) . Similar values of SAMHD1/ CDK2 signal were noted in MDMs (Mander's coefficient of 0.93 Ϯ 0.02, whereas co-localization of SAMHD1/CDK1 was somewhat less (Mander's coefficient of 0.81 Ϯ 0.04, MDM). Together, the co-IP and localization data suggest that endogenous SAMHD1 interacts with cyclin A, CDK1, and CDK2 in cells.
A Cyclin-binding Motif in SAMHD1 Affects Protein Expression and Phosphorylation-Previous publications have demonstrated that SAMHD1 is a substrate of CDK1/2, mediated through a CDK motif located in the C-terminal region of SAMHD1 at residues 592-595 (16) ( Fig. 2A ). We hypothesized that SAMHD1 phosphorylation occurs through interaction with cyclin A via a putative cyclin-binding motif. Sequence alignment of SAMHD1 to proteins that contain a consensus cyclin-binding motif (RXL) highlighted a sequence of conserved residues in SAMHD1 that are similar to proteins containing cyclin-CDK substrate recognition motifs ( Fig. 2B) (43, 45) . To understand the structural basis of SAMHD1 binding to cyclin A-CDK complexes, we generated a panel of mutants targeting the conserved Arg 451 , Leu 453 , and Phe 454 residues ( Fig.  2B ), which we predicted would affect cyclin A binding to SAMHD1, prevent recruitment of the CDK1/2 to the C-terminal CDK motif, and thus negatively affect SAMHD1 phosphorylation at Thr 592 .
We overexpressed mutant and WT SAMHD1 in HEK293T cells and immunoblotted HA-tagged exogenous SAMHD1 and Thr(P) 592 SAMHD1. Interestingly, we found that the RL 3 AA, RL 3 KV, and RLF 3 AAA mutants expressed at lower levels compared with the WT protein ( Fig. 2C ), suggesting either reduced protein stability or increased degradation. When the plasmid DNA input of mutants was increased 10-fold to compensate for low expression levels, we were able to express the mutant proteins to levels near that of the WT protein. However, the phosphorylation status of the mutants remained low compared with the WT SAMHD1 ( Fig. 2C) . These results suggest that the RXL motif is likely important for Thr 592 phosphorylation of SAMHD1. Previous data has shown that a R451E mutant affected SAMHD1 tetramerization and in vitro dNTPase activity (46) and that this residue could be involved in binding nucleotides in the allosteric site (32) .
Although the RXL residues are predicted to be the principal conserved residues involved in cyclin binding, it is possible that adjoining residues could have roles in mediating cyclin binding or specificity (45) . To this end, we mutated another conserved residue contained within the cyclin-binding motif ( Fig. 2B ) that was predicted, based on SAMHD1 structure (30), to have no effect on SAMHD1 tetramer formation or stability but could affect cyclin A interaction. F454W is a conservative mutation maintaining the hydrophobic aromatic side chain, whereas F454K is a less conservative mutation substituting the aromatic ring with a basic charge. Interestingly, the expression level of F 3 W was comparable with that of WT ( Fig. 2C) ; however, its phosphorylation was still reduced, although not as severely as the other mutants. The F 3 K mutant displayed a similar phenotype to the other mutants, expressing at low levels and with dramatically reduced Thr 592 phosphorylation ( Fig. 2C) .
Expression of SAMHD1 RXL Mutants Is Not Affected at the Transcriptional Level-To eliminate the possibility that the SAMHD1 mutants inefficiently transcribed in cells, we transfected HEK293T cells and measured SAMHD1 mRNA levels by quantitative PCR. We found that at either 6 or 24 h post-transfection, the levels of mRNA of mutant SAMHD1 (RL 3 AA, RL 3 KV, RLF 3 AAA, F 3 W, and F 3 K) were comparable with that of the WT SAMHD1 (Fig. 3, A and B) . Together, these data suggest that reduced SAMHD1 protein expression phenotype of the mutants occurs at a post-transcriptional step and could involve translational regulation or a protein instability mechanism.
SAMHD1 RXL Mutants Have Decreased Interaction with
Cyclin A, CDK1, and CDK2-To determine the importance of the RXL motif in mediating binding of SAMHD1 to cyclin A-CDK complexes, WT and mutant SAMHD1 were overexpressed in HEK293T cells, and SAMHD1 co-IP experiments were performed. For these experiments, the expression level of each mutant was increased by increasing plasmid DNA amounts, so that it was comparable with WT to ensure equal IP efficiency. The RL 3 AA mutant demonstrated reduced interaction with cyclin A, CDK1, and CDK2, although the interaction was not completely abrogated ( Fig. 4A ). The RLF 3 AAA and RL 3 KV mutants ( Fig. 4 , B and C) also showed a slight reduction in cyclin A binding. Neither of the Phe 454 mutants, F 3 W or F 3 K, had an impact on interaction with CDK2, although cyclin A and CDK1 were slightly reduced for the F 3 K mutant ( Fig. 4D ). Interestingly, for the RXL mutants, a more abundant lower molecular weight species was evident, which was not as abundant in WT or F 3 W SAMHD1 ( Fig. 4 , A-D), suggesting that the mutants could be undergoing enhanced or accelerated degradation.
SAMHD1 RXL Mutants Are Mislocalized within the Nucleus in HEK293T Cells-To further validate the co-IP data, we determined the subcellular localization of each mutant com-
FIGURE 1. Endogenous SAMHD1 interacts and co-localizes with cyclin A, CDK1, and CDK2 in THP-1 cells and MDMs.
A, cell lysates were harvested and co-immunoprecipitated using anti-SAMHD1 antibody or mouse IgG coupled to protein G Dynabeads. Interacting proteins were eluted by boiling in SDS sample buffer, and samples were analyzed by SDS-PAGE and immunoblotting for SAMHD1, cyclin A, CDK1, and CDK2. B, reverse co-IP in THP-1 cells was performed as described for A except antibodies for cyclin A, CDK1, CDK2, or a rabbit IgG were bound to protein G Dynabeads, and eluted lysates were analyzed via immunoblotting for SAMHD1, cyclin A, CDK1, and CDK2. All experiments were performed a minimum of three times. The data shown are from one representative experiment. C, co-localization of endogenous SAMHD1 with cyclin A, CDK1, and CDK2 in differentiated THP-1 cells. D, co-localization of endogenous SAMHD1 with cyclin A, CDK1, and CDK2 in primary MDMs. Immunofluorescence experiments were performed with specific antibodies at least three times. The data shown are from one representative experiment. Scale bars, 11 m. FIGURE 3. Mutation of the RXL motif in SAMHD1 does not affect the levels of SAMHD1 mRNA transcripts. HEK293T cells were transfected with either 0.25 or 2.5 g of plasmid DNA expressing WT or mutant SAMHD1, and total cellular RNA was extracted at 6 or 24 h post-transfection (hpt). RNA input was normalized for cDNA synthesis, and these products were utilized in quantitative PCR using SAMHD1 specific primers. A and B, Relative SAMHD1 mRNA levels for WT, RL 3 AA, RL 3 KV, and RLF 3 AA mutants are shown at 6 hpt (A) or 24 hpt (B), respectively. C and D, relative SAMHD1 mRNA levels for WT, F 3 W, and F 3 K mutants are shown at 6 hpt (C) or 24 hpt (D), respectively. GAPDH was used to normalize quantification, and Renilla luciferase activity was used as an internal control to normalize transfection efficiency. The data shown are n ϭ 2 for a single experiment and are representative of three independent experiments.
FIGURE 2. A cyclin-binding (RXL) motif in SAMHD1 decreases SAMHD1 protein expression and Thr 592 phosphorylation.
A, schematic of the SAMHD1 protein highlighting key domains and residues. The RXL motif (YRNLFK) is in the C-terminal region of the HD domain and positions 450 -455. The Thr 592 phosphorylation site, the CDK consensus motif (TPQK), and the VPx-binding domain are indicated. B, sequence alignment of the WT SAMHD1 RXL motif with a consensus cyclin-binding motif is shown. Mutations of the conserved residues are also shown. C, immunoblot analysis of HEK293T cells overexpressing HA-tagged WT or SAMHD1 mutants. The cells were transfected with plasmid DNA, and the lysates were harvested 24 h post-transfection. Plasmid DNA input was low (L) at 0.25 g and high (H) at 2.5 g. The empty vector was used as a negative control. All transfections were normalized to the same total amount of DNA using empty vector. Membranes were probed for HA and Thr(P) 592 SAMHD1. GAPDH was used as a loading control. Densitometry was performed using ImageJ software. Overexpressed HA-tagged SAMHD1 and phospho-SAMHD1 probed membranes were normalized to GAPDH, and the relative amount of phospho-SAMHD1 per total SAMHD1 (HA) was calculated. WT low (L) was set as 100%, and everything was calculated relative to this. Lysates from three independent transfections were used. The data shown are from one representative experiment.
pared with WT SAMHD1. The mutations are located in the C-terminal region of the HD domain, leaving the N-terminal nuclear localization signal of SAMHD1 intact (47) . In transfected HEK293T cells, WT SAMHD1 signal overlapped with DAPI, indicating nuclear localization, and showed strong colocalization with cyclin A (Fig. 5A) . Surprisingly, the RL 3 AA, RLF 3 AAA, RL 3 KV, and F 3 K mutants displayed a mislocalized phenotype, with SAMHD1 accumulated within an intranuclear region, whereas the cyclin A signal remained throughout the nucleus (Fig. 5A ). We then counted and scored 100 cells of each WT or mutant SAMHD1 according to their localization pattern. WT SAMHD1 was exclusively nuclear (Fig. 5B ). Mutant SAMHD1 was predominantly mislocalized (71-78% of cells expressing RL 3 AA, RL 3 KV, RLF 3 AAA, and F 3 K). The remainder of the cells (Յ32%) had nuclear localization (Fig. 5B ). The F 3 W mutant exhibited the same nuclear localization phenotype as WT SAMHD1 (Fig. 5, A and B) .
Co-localization analysis of cyclin A and SAMHD1 showed that WT SAMHD1, and the F 3 W mutant, co-localized with cyclin A, as expected, with a mean Pearson's correlation ϭ 0.7 and 0.6, respectively (n ϭ 25) ( Fig. 5C ). Analysis of cells expressing the mutants showed significantly reduced co-localization with cyclin A, compared with WT SAMHD1; mean Pearson's correlation ranging from 0.4 to 0.5 (n ϭ 25) ( Fig. 5C ). Together, these data reveal that SAMHD1 RXL mutants predominantly mislocalize within the nucleus and that in these cells, co-localization with cyclin A is reduced. To delineate the subcellular compartment in which the mutants accumulated, we costained transfected cells for HA-tagged SAMHD1 and fibrillarin. Fibrillarin is located in fibrillar components and Cajal bodies contained within the nucleolus. We observed that the SAMHD1 mutants did not co-localize with fibrillarin in the nucleolus. Importantly, the localization of fibrillarin did not alter upon expression with WT or mutant SAMHD1 (Fig. 5D ). Further analysis of the nuclear speckle marker SC-35 indicated that SC-35 partially localized with SAMHD1 (WT or mutant) in small puncta in the nucleus; however, SAMHD1 RXL mutants were not relocalized to regions of abundant nuclear speckles (Fig. 5E ).
SAMHD1 RXL Mutants Have Decreased Protein Half-life Compared with WT SAMHD1-To further investigate the effects of mislocalization and the low protein expression of the RXL mutants compared with WT SAMHD1, we determined the half-life of either endogenous SAMHD1 in THP-1 cells or overexpressed WT and mutant SAMHD1 in HEK293T cells using a cyclohexamide treatment assay (48) . Endogenous SAMHD1 in THP-1 cells was found to decrease steadily from 6 to 8 h post-treatment, after which protein levels remained constant, whereas the DMSO treated cells maintained constant SAMHD1 expression ( Fig. 6A ). Densitometry analysis from four independent experiments was plotted, and the t1 ⁄ 2 of endogenous WT SAMHD1 was determined to be 6.5 h (Fig. 6B) .
To analyze the half-life of WT and mutant SAMHD1, HEK293T cells were transfected with WT or mutant FIGURE 4. The RXL mutants of SAMHD1 have decreased interaction with cyclin A, CDK1, and CDK2. HEK293T cells were transfected with empty vector or constructs expressing HA-tagged WT or mutant SAMHD1 and 24 h post-transfection, co-IP performed using HA-conjugated agarose. Bound proteins were eluted by boiling in SDS sample buffer, analyzed by SDS-PAGE, and immunoblotted for HA, cyclin A, CDK1, and CDK2. A, vector, WT, and RL 3 AA mutant. B, vector, WT, and RLF 3 AAA mutant. C, vector, WT, and RL 3 KV mutant. D, vector, WT, F 3 W, and F 3 K mutants. To compensate for lower expression levels of the mutants compared with WT, 10-fold higher mutant SAMHD1 or empty vector plasmids were transfected compared with the WT SAMHD1 transfection. Co-IP experiments were repeated three times, and one representative experiment is shown. SAMHD1-expressing vectors to normalize for equal protein expression, and cells were treated with cyclohexamide 48 h post-transfection. Comparison of densitometry levels of WT and mutants confirmed comparable expression at t ϭ 0, for the SAMHD1 half-life experiments (Fig. 6C ). WT SAMHD1 began to decrease steadily from 3 h post-treatment, and the t1 ⁄ 2 was calculated to be 4.0 h (Fig. 6D) . The half-life of WT SAMHD1 in HEK293T cells was lower compared with THP-1 cells, which could be attributed to different cell types. Interestingly, SAMHD1 RXL mutant protein levels decreased more than WT protein overall and also decreased more quickly to lower levels than WT protein between 1 and 3 h post-treatment ( Fig. 6, E-I) .
The t1 ⁄ 2 of mutants RL 3 AA, RLF 3 AAA, RL 3 KV, F 3 W, and F 3 K was 1.0, 2.8, 1.1, 2.6, and 1.1 h, respectively (Fig. 6 , E-I). Comparison of WT SAMHD1 with the dNTPase-defective HD/RN mutant (H206R and D207N), which is unrelated to the RXL motif, demonstrated a comparable expression level and half-life ( Fig. 6J ). Both proteins also decreased to similar levels and showed the same half-life. These data suggest that the reduced half-life of the RXL mutants was specific to mutations in the RXL motif. Of note, in the WT and HD/RN experiments, the half-life of WT SAMHD1 was slightly decreased (from 4.0 to 3.2 h) compared with the previous data set (Fig. 6, D and J) , which could be attributed to experimental variation in protein FIGURE 5 . The RXL mutants of SAMHD1 are mislocalized to a nuclear compartment. HEK293T cells were transfected with empty vector or constructs expressing HA-tagged WT or mutant SAMHD1. At 24 h post-transfection, immunofluorescence staining was performed using HA-specific antibodies for SAMHD1 detection, and endogenous cyclin A was detected using a specific antibody. DAPI was used to stain nuclei. A, WT and mutant SAMHD1-expressing cells were co-stained for HA (SAMHD1) and cyclin A. Red, SAMHD1; green, cyclin A; blue, DAPI. Scale bars in left and middle panels of WT and mutants, 25 m; scale bars in boxed areas, 15 m. B, 100 SAMHD1-expressing cells were examined, counted for WT and each mutant, and scored according to the visual localization. Nuclear, exclusively nuclear localized cells; Mis-localized, cells with mislocalized SAMHD1 signal. C, graph representing Pearson's correlation co-efficient values for SAMHD1 and cyclin A localization. 25 cells expressing WT or mutant SAMHD1 were counted and analyzed for co-localization. The images were captured on a DeltaVision Elite microscope. Deconvoluted images were analyzed using the SoftWoRx software. Statistical analysis was performed using a one-way analysis of variance with Dunnet multiple comparison test. ***, p Ͻ 0.0001. D, WT and mutant SAMHD1-expressing cells were co-stained for either HA (SAMHD1) or fibrillarin. Red, SAMHD1; green, fibrillarin; blue, DAPI. Scale bars, 25 m. E, WT and mutant SAMHD1-expressing cells were co-stained for either HA (SAMHD1) or SC-35. Red, SAMHD1; green, SC-35; blue, DAPI. Scale bars, 25 m. expression and using a semiquantitative densitometry method. Together, these results suggest that mutation of the RXL motif in SAMHD1 has detrimental effects on SAMHD1 stability and expression within the cell, irrespective of the ability to interact with cyclin A-CDK complexes.
SAMHD1 RXL Mutants Have Reduced Ability to Form Tetramers Compared with WT SAMHD1 in Cells-To determine the potential effects of the RXL mutation on SAMHD1 structure that may contribute to the reduced protein expression and half-life of the mutants, we analyzed the capability of the proteins to tetramerize in cells. We used a cross-linking experiment to determine monomeric and oligomeric SAMHD1 proteins expressed in cells (31) . Interestingly, our results showed that both WT and F 3 W SAMHD1 retained the ability to form tetramers in HEK293T cells (Fig. 7A) . In contrast, the remaining RXL mutants showed no indication of tetramer formation, when expressed to comparable levels as WT or F 3 W (Fig. 7A) . A non-cross-linked control confirmed the presence of monomeric SAMHD1 in the transfected (Fig.  7B ). Of note, the reduced half-life of SAMHD1 correlates with the inability to form stable tetrameric structures within cells ( Figs. 6 and 7) . Together, these data suggest that mutation of residues within the RXL motif can also affect the ability of SAMHD1 to form stable tetramer, thereby altering protein trafficking and stability.
Discussion
In the current study, we demonstrate that endogenous SAMHD1 interacts and co-localizes with cyclin A, CDK1, and CDK2 in THP-1 cells and primary macrophages, consistent with data showing that macrophages express detectable Thr(P) 592 SAMHD1, compared with other non-dividing cell types (26) . Our reverse IP data suggest that the proteins bind SAMHD1 as a complex. Although cyclin A-CDK2 complexes can shuttle between the nucleus and cytoplasm (49), we consistently observed that co-localization of SAMHD1 with cyclin A-CDK occurs predominantly in the nucleus. SAMHD1 has also been shown to interact with and co-localize with cyclin L2 in HeLa cells and phorbol 12-myristate 13-acetate-differentiated THP-1 (50); however, we were unable to confirm this interaction in dividing THP-1 cells (data not shown). Although no direct interaction has been demonstrated, CDK6 and cyclin D3 have been shown to be involved in regulating SAMHD1 phosphorylation and HIV-1 replication in macrophages (38, 51) , and cyclin D2/CDK4 has been shown to affect HIV-1 replication through modulation of SAMHD1 activation (52) .
Our previous study demonstrated that knock-out of SAMHD1 in dividing THP-1 cells perturbed the cell cycle distribution (36) , implicating a role for SAMHD1 in cell cycle regulation. Interestingly, a number of cell cycle regulatory proteins form stable complexes with cyclin-CDK partners, for example, E2F1 (53) . Targeting sequences on CDK substrates can also target cyclin-CDK activity to specific periods of activity. We identified a similar RXL motif in SAMHD1 and found that mutation of the conserved Arg 451 and Leu 453 residues contained within the RXL motif affects SAMHD1 interaction with cyclin A, thereby contributing to reduced SAMHD1 Thr 592 phosphorylation.
Cyclin A-CDK2 is predominantly active during the S phase (44), coinciding with the peak of SAMHD1 Thr 592 phosphorylation (37) . Cyclin A-CDK could function to phosphorylate SAMHD1 as the cell progresses into the S phase, serving to either restrict SAMHD1 function or down-regulate its expression through targeted degradation. Specific targeting of SAMHD1 for degradation has been observed with cyclin L2 in macrophages (50) . RXL motifs are also found in CDK inhibitors (54) , and it would be interesting to investigate whether a specific cellular CDK inhibitor controls SAMHD1 dephosphorylation at critical points during the cell cycle.
Surprisingly, the RXL mutants did not abrogate cyclin A-CDK association with SAMHD1, either with co-IP or co-localization studies. The cyclin-CDK interaction may not be exclusively dependent on the presence of an intact RXL motif. Alternatively, SAMHD1 may contain a second non-canonical cyclin-binding motif in the C terminus of SAMHD1, at residues Leu 620 and Phe 621 (37) , allowing for some redundancy with cyclin binding. Other cyclin binding proteins such as cyclin-dependent kinase inhibitor 1 have been found to contain multiple cyclin-binding motifs (44) . It is plausible that the mutants bind cyclin A but induce an allosteric change in the cyclin-CDK complex, reducing the efficiency of kinase activity, which could explain the strongly reduced phosphorylation in the presence of weaker cyclin A-CDK interactions.
Interestingly, co-localization analysis in asynchronous dividing HEK293T cells revealed a mixed population of cells with variable cyclin A expression, and atypical distribution of mutant SAMHD1, which had reduced Pearson's correlation coefficient with cyclin A. These data clarify the co-IP data, which suggested a reduced but variable interaction with cyclin A in total cell lysates. The presence of a more abundant lower molecular weight species of SAMHD1 expressed in mutant transfected cells coupled with the reduced half-life of the mutants suggests that these mutants might be targeted for rapid degradation. Although the mutants have decreased phosphorylation, we do not think this is causative of the decreased half-life. Cyclohexamide experiments analyzing the Thr(P) 592 FIGURE 7. SAMHD1 RXL mutants have decreased ability to form tetramers in cells. HEK293T cells were transfected with empty vector, HA-tagged SAMHD1 WT-(1 g), or mutant-expressing constructs (10 g), or with high levels of WT or F 3 W mutant-expressing plasmid DNA (10 g) and then were treated with 1% formaldehyde for cross-linking (A) or not treated (B) the day following transfection. After a 10-min incubation at 37°C, the cross-linking was stopped by the addition of glycine. The cell lysates were harvested, and monomeric and oligomeric SAMHD1 proteins were assessed by immunoblotting using anti-HA. Arrows denote monomer, dimer, trimer, and tetramer forms of SAMHD1 at the respective predicted molecular weights. The experiments were repeated three times, and one representative experiment is shown. DECEMBER 16, 2016 • VOLUME 291 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 26339 of SAMHD1 were found to exhibit degradation comparable with total protein (data not shown). Furthermore, phosphoablative mutants of SAMHD1 have been extensively studied, and there is no evidence these mutants express poorly or are rapidly degraded in cells. Experiments intended to elucidate a potential degradation pathway have proved inconclusive because neither proteasomal nor lysosomal degradation could be attributed to low expression of the SAMHD1 mutants (data not shown).
Cyclin-binding Motif in SAMHD1 Regulates Its Phosphorylation
It has been shown that mutation of arginine 451 to glutamic acid of SAMHD1 (R451E) can affect its tetramerization (30, 46) . Our cross-linking experiment confirmed this observation in cells, because the RXL mutants could not tetramerize, whereas the WT and F 3 W protein did. These data could suggest that SAMHD1 variants that are unable to form stable and functional tetramers in cells are not stably expressed in cells. Interestingly, the F 3 W mutant, which retained similarities to the WT SAMHD1 was found to maintain an HIV-1 restrictive phenotype in U937 cells (data not shown).
Overall, we have identified residues that are important for SAMHD1 interaction with cyclin A and phosphorylation, which could be important for regulation of SAMHD1. Our structure-based modeling suggests that SAMHD1 binds cyclin A-CDK in a monomeric form, which would phosphorylate Thr 592 , thus destabilizing SAMHD1 tetramerization (32, 34) and thus serving as a mechanism to regulate SAMHD1 structural based function in cells.
Experimental Procedures
Plasmids-The pLenti vectors expressing HA-tagged human SAMHD1 and the empty vector control were kind gifts from Nathaniel Landau (New York University). The pLenti vectors expressing HA-tagged mutant SAMHD1 were generated using a QuikChange mutagenesis kit (Agilent Technologies), based on the pLenti vector expressing WT SAMHD1 (29) .
Cell Culture and Treatments-THP-1 cells were cultured in RPMI 1640 medium modified to contain 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/liter glucose, and 1500 mg/liter sodium bicarbonate, 10% fetal bovine serum, and 1% penicillin/streptomycin. HEK293T cells were maintained in complete DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. All the cell lines utilized for the presented studies were maintained at 37°C, 5% CO 2 and tested negative for mycoplasma contamination using a universal mycoplasma detection kit (ATCC, catalog no. 30-101-2K). MDMs were derived from normal healthy volunteers by isolation with the Monocyte Isolation Kit II (Miltenyi Biotec Inc.) and allowed to adhere to 35-mm 2 MatTek dishes (MatTek Corporation) coated with collagen. MDMs were matured in RPMI 1640 supplemented with 10% FBS, 1% penicillin/streptomycin, 2 mM glutamine, and 5 ng/ml GM-CSF (R & D Systems). Staining was performed following 7 days of maturation.
Transfections and Immunoblotting-HEK293T cells were transfected using a calcium phosphate method to overexpress human WT SAMHD1, mutant SAMHD1, or vector controls. The cells were processed for downstream applications 24 h post-transfection, unless otherwise specified. The cells were harvested as indicated and lysed in cell lysis buffer (Cell Signaling, catalog no. 9803) supplemented with protease inhibitor mixture (Sigma-Aldrich). Cell lysates were quantified via BCA and subjected to immunoblotting as described. Antibodies specific to SAMHD1 (Abcam, catalog no. ab67820), HA (Covance, catalog no. 901501) and GAPDH (Bio-Rad, catalog no. AHP1628) have been described previously (29) . Antibodies to Thr(P) 592 SAMHD1 (1:1000, ProSci, catalog no. 8005), cyclin A (1:1000, Santa Cruz, catalog no. sc-751), CDK1 (1:1000, Santa Cruz, catalog no. sc-954), and CDK2 (1:1000, Santa Cruz, catalog no. sc-163). SuperSignal West Pico Chemiluminescence substrate (Pierce) was used to detect horseradish peroxidaseconjugated secondary antibodies. Immunoblotting images were captured and analyzed using the Amersham Biosciences imager 600 (GE Healthcare). Densitometry analysis of protein bands was performed using ImageJ.
Co-immunoprecipitation-HEK293T cells were transfected with an empty vector or constructs expressing HA-tagged WT SAMHD1 or mutants At 24 h post-transfection, the cells were collected and lysed for co-IP and analyzed by immunoblotting as described previously (29) . For co-IP of SAMHD1 and interacting proteins from THP-1 cells, cell lysates were generated as described earlier. Protein G Dynabeads (Life Technologies) were incubated with 5 g of IP antibody (SAMHD1, cyclin A, CDK1, or CDK2), or a rabbit or mouse IgG control, according to the manufactures directions. After binding antibody to the beads, cell lysates were incubated with the Dynabeads at 4°C for 2 h. The beads were then washed three times with PBS ϩ 0.1% Tween. Bound proteins were eluted from beads by boiling in 1-SDS sample buffer, and the supernatants were used for SDS-PAGE.
Immunofluorescence-Immunofluorescent detection of endogenous SAMHD1 and cyclin A, CDK1, or CDK2 was performed in THP-1 cells following differentiation with phorbol 12-myristate 13-acetate, and in MDMs. MDMs were grown on collagen-coated MatTek dishes as described above, stimulated by 10 ng/ml GM-CSF for 7 days. The cells were then fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100 for 10 min, and blocked with Dako blocking buffer (Dako) for 20 min. Primary antibodies used were as follows: SAMHD1 antibody from NOVUS (NBP1-31432); CDK1 from Cell Signaling (catalog no. 9111); CDK2 from Santa Cruz Biotechnology (sc-163); and cyclin A antibody also from Santa Cruz Biotechnology (sc-751). To determine the subcellular localization of SAMHD1 versus SAMHD1 mutants, HEK293T cells were transfected with WT or mutant SAMHD1. 24 h post-transfection, the cells were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked in PBS containing 5% BSA. Antibodies for HA, cyclin A2, fibrillarin (Cell Signaling Technology catalog no. 14417), and SC-35 (Abcam, catalog no. 11826) were used as directed by the manufacturers, and the appropriate Alexa Fluor 568 or 488 secondary antibodies were used. Deconvolution analysis was performed using a Delta-Vision Elite (GE Healthcare Life Sciences) imaging system. Fluorescent imaging was analyzed and processed using SoftWoRx software.
Quantitative PCR-To measure SAMHD1 mRNA in transfected HEK293T cells, WT or mutant SAMHD1 were co-transfected at either low or high DNA concentrations (0.25 or 2.5 g), and a Renilla-TK plasmid (25 ng) and all samples were made up to a total of 2.525 g of DNA with the empty pLenti plasmid. The cells were harvested either 6 or 24 h post-transfection, and total cellular RNA was extracted using the RNeasy minikit according to the manufacturer's guidelines (Qiagen). Total RNA from each sample used as a template for first strand cDNA synthesis using Superscript III first strand synthesis system and oligo(dT) primers (Thermo Fisher Scientific). SYBER Green-based quantitative real time PCR analysis was performed using SAMHD1 cDNA-specific primers. Quantification of spliced GAPDH mRNA was used for normalization as described previously (55) . Calculation of relative gene expression was performed using the 2 Ϫ⌬⌬CT method as described previously (56) . All values were also normalized to Renilla mRNA to control for transfection efficiency.
SAMHD1 Half-life Experiments-The half-life of endogenous SAMHD1 in THP-1 cells or overexpressed WT or mutant SAMHD1 was determined using cyclohexamide. THP-1 cells were plated in 12-well plates and incubated overnight. The following morning, 100 M cyclohexamide or an equal volume of DMSO was added to cells, and lysates were harvested at the following time points: 0, 6, 7, 8, 9, and 10 h post-cyclohexamide or DMSO treatment. The lysates were quantified and analyzed by SDS-PAGE and immunoblotted for SAMHD1 and GAPDH, as described earlier. For HEK293T cells, multiple wells were transfected with WT (0.25 g) or mutant SAMHD1 (2.5 g), and the cells were incubated for 48 h. At this time, 100 M cyclohexamide or an equal volume of DMSO was added to cells, and lysates were collected at the following time points: 0, 1, 3, 6, and 9 h post-cyclohexamide or DMSO treatment. The lysates were quantified and analyzed by SDS-PAGE, and immunoblotting for HA and GAPDH was performed as described earlier. Densitometry analysis was performed and the t1 ⁄ 2 calculated using Prism software.
Formaldehyde Cross-linking in HEK293T cells-HEK293T cells were transfected to express comparable levels of WT or mutant SAMHD1. The following day, the cells were treated with 1% formaldehyde for 10 min at 37°C or not treated with formaldehyde as described (31) . The reaction was stopped by the addition of glycine. The cell lysates were harvest and quantified by BCA. Lysates were analyzed by SDS-PAGE and immunoblotted for HA-tagged SAMHD1.
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